One option is to convert from furrow or sprinkle irrigation to drip irrigation. Drip irrigation can apply water both precisely and uniformly at a high irrigation frequency compared with furrow and sprinkler irrigation, thus potentially reducing subsurface drainage, providing better soil salinity control, and increasing yield. Th e potential is not only governed by the technology, but also by the design, installation, operation, and maintenance of drip systems. Th e main disadvantage of drip irrigation is its installation cost, which based on experience in California ranges from US$1500 ha −1 to US$2500 ha −1 . For drip irrigation to be at least as profi table as the other irrigation methods, more revenue from higher yields and reduced irrigation and cultural costs must occur.
Between 1998 and 2003, experiments in commercial fi elds on the west side of the San Joaquin Valley evaluated the eff ect of subsurface drip irrigation on processing tomato under saline, shallow groundwater conditions (Hanson and May, 2004; Hanson et al., 2006a) . Subsurface drip irrigation of processing tomato under these conditions was highly profi table compared with sprinkle irrigation. Th e average profi t of the three drip-irrigated fi elds was $1195 ha −1 higher than for sprinkle irrigation. As a result, subsurface drip irrigation of processing tomato has increased considerably in the salt-aff ected areas.
A key to the profi table subsurface drip irrigation of tomato under saline, shallow groundwater conditions is salinity control in the root zone, which involves leaching salts from the root zone by applying irrigation water in excess of the soil moisture depletion. Th e leaching fraction, used to quantify leaching adequacy, is defi ned as the amount of water that drains below the root zone divided by the amount applied.
Leaching fractions are determined in several ways for commercial fi elds. One approach is to measure the average root zone soil salinity and the salinity of the irrigation water and then use appropriate charts or equations to determine the leaching fraction (Ayers and Westcott, 1985) . Under drip irrigation, however, soil salinity, soil water content, and root density all vary around the drip line, and as a result, uncertainty exists in the average root zone salinity and thus, the leaching fraction under drip irrigation.
A second approach commonly used is the water balance method, which calculates the fi eld-wide amount of leaching as the diff erence between seasonal amounts of applied water and evapotranspiration. Th e crop evapotranspiration frequently is assumed to equal the potential evapotranspiration (ET pot ), calculated using crop coeffi cients and a reference crop evapotranspiration (Allen et al., 1998) .
Field-wide leaching fractions were calculated for the commercial fi elds of the previously mentioned experiments using the water balance approach. Th e actual evapotranspiration was determined using canopy growth rates and a calibrated computer evapotranspiration model. Th ese calculations showed little or no fi eld-wide leaching at most of the sites (Table 1) , which suggests inadequate salinity control and raises questions about the sustainability of drip irrigation under these saline, shallow groundwater conditions. Soil salinity measurements in the commercial fi elds ( Fig. 1  and 2 ), however, clearly showed that substantial leaching occurred near the drip lines because of the wetting patterns under drip irrigation, and that the leaching was highly concentrated near the drip line. It was found that soil salinity near drip lines depended on the depth to the saline groundwater, the electrical conductivity (EC) or salinity of the shallow groundwater (EC gw ), the irrigation water salinity (EC iw ), and the amount of applied irrigation water (AW). For a water table depth of about 2 m, soil salinity was low and relatively uniform throughout the soil profi le even though EC gw ranged from 7.9 to 11.1 dS m −1 (Fig.  1A ). Irrigation water salinity was 0.3 dS m −1 , which refl ected the salinity of the surface irrigation water commonly used in the salt-aff ected area. For water table depths of 0.6 to 1 m, soil salinity was the smallest near the drip line, but increased considerably with distance and depth from the drip lines for a condition where EC iw = 0.3 dS m −1 and EC gw = 5 to 7 dS m −1 (Fig. 1B) . Th e observed high salinity levels in the soil profi les were due to upward fl ow of the shallow saline groundwater. An EC iw = 1.1 dS m −1 increased soil salinity near the drip line (Fig. 1C) , and the volume of leached soil near the drip line increased as the amount of applied irrigation water increased for a water table depth ranging from 0.46 to 0.6 m (EC iw = 0.52 dS m −1 , EC gw = 8 to 11 dS m −1 ; Fig. 2 ). Because of the shallow groundwater depth, the irrigation water displaced the shallow groundwater directly beneath the drip line. Th e experiments in the commercial fi elds also showed that a seasonal water application about equal to the seasonal crop evapotranspiration provided suffi cient leaching near the drip lines, yet minimized water table fl uctuations due to irrigation. Th e soil salinity data from the commercial fields indicated that the water balance approach is not appropriate for drip irrigation and that estimating actual leaching fractions with drip irrigation under saline shallow groundwater conditions using the traditional approaches may be diffi cult if not impossible because of the spatial variability of soil salinity under these conditions. Th erefore, we conducted a numerical modeling study using the HYDRUS-2D computer simulation model to evaluate leaching with subsurface drip irrigation under saline, shallow groundwater conditions for different amounts of applied water, water T 1. Seasonal applied water and evapotranspira on, and fi eldwide leaching frac ons calculated from a water balance for the four commercial sites, iden fi ed by the designa ons of BR, DI, DE, and BR2.
Year
Seasonal applied water Seasonal evapotranspira on
Leaching frac on depths, and irrigation water salinity and to estimate leaching fractions with subsurface drip irrigation under these conditions. Th e HYDRUS-2D model has been previously used in studies of water and chemical movement under drip irrigation using the identical model domains and boundary conditions that were used in this study (Gärdenäs et al., 2005; Hanson et al., 2006b) . Th is research specifi cally addresses the threat of soil salinization in the western San Joaquin Valley, where traditional approaches to salinity and water table control through installation of subsurface drainage systems and drainage water disposal facilities are not feasible. We believe that our study provides new insights on the behavior of drip irrigation under saline, shallow groundwater conditions.
Materials and Methods
Soil water and soil water salinity distributions around the drip line were modeled with the computer simulation model HYDRUS-2D (Šimůnek et al., 1999) . Th is software package can simulate the transient two-dimensional movement of water and nutrients in soils. In addition, the model allows specifi cation of root water uptake, which aff ects the spatial distribution of water and soil water salinity between irrigation cycles. For a detailed description of the application of HYDRUS-2D, we refer to the studies by Gärdenäs et al. (2005) and Hanson et al. (2006b) . Th e database of HYDRUS includes parameter values that specify soil hydraulic properties of the loam soil type of this simulation study, which was typical of the soils in the previously discussed commercial fi elds. Th e van Genuchten-Mualem model (van Genuchten, 1980) described the soil water retention and unsaturated hydraulic conductivity relationships with the following hydraulic parameters: saturated hydraulic conductivity (K s ) = 24.96 cm d −1 , residual soil water content (θ r ) = 0.078, saturation soil water content (θ s ) = 0.43, n = 1.56, α = 0.036 cm, and l = 0.5. Longitudinal dispersivity was considered to be 5 cm and molecular diff usion was neglected. Simulation output included the spatial and temporal variations of soil water content, soil water salinity, soil water pressure head, and the total water and salt mass in the simulated soil profi le.
Th e simulated subsurface drip irrigation system design characteristics were typical of the drip systems used for processing tomato, with a drip line depth of 20 cm and an emitter spacing of 30 cm. Th e simulated model domain was 100 cm deep and 75 cm wide (one half of the bed spacing used for tomato production; Fig. 3 ), representing the dominant presence of roots based on fi eld observations. Th e transport domain was discretized into 5000 fi nite elements with very fi ne grid around the dripper (0.2 cm) and gradually increasing elements farther from the drip (up to 4 cm). Th e simulations assumed zero water fl ux boundary conditions along the vertical sides of the soil domain, a zero pressure groundwater table at either the 50-or 100-cm depth with a hydrostatic pressure head distribution below and above the groundwater table, and an atmospheric boundary condition at the top of the domain, where ET = ET pot for unstressed root water uptake conditions. It was assumed that the crop was fully mature with a canopy coverage (percentage of soil shaded by the canopy at midday) of 90% and that ET represents transpiration only (i.e., evaporation was assumed to be zero). Drip irrigation was represented using the system-independent time-variable fl ux boundary condition along the dripper circumference. Th e radius of the dripper was assumed to be 1.1 cm and the irrigation discharge 11.975 L d −1 . Th e drip irrigation was simulated assuming an infi nite line source, which was shown previously by Skaggs et al. (2004) to be a good representation of this drip irrigation system. Th e line-source approach also was used in the previously mentioned studies on water and chemical movement.
Th e zero pressure water table resulted in a constant pressure boundary at the bottom of the domain. Th is boundary condition allowed drainage water to fl ow out of the domain without raising the water table, assuming that suffi cient natural groundwater drainage was occurring. Th is approach provided an estimate of the potential leaching fraction below the drip line. A similar response of little or no change in the water table depth due to irrigation was found in the previously mentioned drip irrigation experiments in the commercial fi elds, except when overirrigation occurred, suggesting adequate natural drainage at these locations.
Simulations were conducted during a 42-d period for water table depths of 50 and100 cm, EC iw of 0.3, 1.0, and 2.0 dS m −1 , and AW amounts equal to 80, 100, and 115% of the potential daily evapotranspiration rate (ET pot = 7.5 mm d −1 ). For the EC iw = 0.3 dS m −1 scenario, we included a water application of 60% of ET pot . Th ese EC iw values refl ect the range found in the commercial fi elds. Surface water with EC iw values generally between 0.3 and 0.5 dS m −1 is the most common source of irrigation water in the salt-aff ected areas of the valley, hence our focus was on the smaller irrigation water salinity. In some cases, groundwater may be used with EC iw values generally between 1 and 2 dS m −1 . Th e EC gw was assumed to be 8 dS m −1 for the 100-cm water table depth and 10 dS m −1 for the 50-cm depth, based on EC measurements of the shallow groundwater in the commercial fi elds. Selected irrigation frequencies were twice per week and daily for the 100-and 50-cm water table depth scenarios, respectively. Th ese parameters of water table depth, groundwater and irrigation water salinity, and applied water were selected because they are representative of the commercial fi elds. Spatial distribution of salinity in the transport domain was simulated using the convection-dispersion equation for a nonreactive tracer. Such simulations cannot account for complex processes such as precipitation or dissolution of solid phases (e.g., gypsum or calcite) or cation exchange.
Hydrostatic pressure head conditions were assumed for the initial conditions. Initial soil water salinities were based on fi eld measurements made in the spring, before drip irrigation, and F . 3. Model domain for the subsurface drip irriga on system.
were determined from EC measurements of the saturated soil extract (EC e ), the volumetric soil water content (θ), and the saturation percentage (SP) of collected soil samples. Th e SP was 53 and 62% for the 100-and 50-cm water table depths, respectively. Th ese values were measured in the commercial fi elds for similar water table depths. Th e initial soil water salinity (EC sw ) was calculated from:
Th ese initial conditions refl ect the eff ects of rainfall, sprinkle irrigation (preplant and stand establishment), evaporation, and upward fl ow from the shallow groundwater on soil salinity before the start of drip irrigation. Th e root distribution in Fig. 2 was described using the model of Vrugt et al. (2001) , with most roots extending 35 cm laterally and 30 or 40 cm vertically for scenarios with the groundwater table 50 and 100 cm deep, respectively (Fig. 4) . Th e following parameters of the Vrugt et al. (2001) model were used: Z m = 40 cm, X m = 35 cm, x* = 5 cm, p x = 1, z* = 25 cm, p z = 2. Th e reducing eff ects of both soil water pressure head (Feddes et al., 1978) and osmotic head on root water uptake were included, assuming that their eff ects were multiplicative. Th e following parameters of the Feddes et al. (1978) model were used: h 0 = −1, h opt = −2, h 2 , high = −800, h 2 , low = −1500, h 3 = −8000 cm; r 2 , high = 0.5 cm d −1 , and r 2 , low = 0.1 cm d −1 . Th e threshold model (Maas, 1990 ) was used to described the osmotic eff ects using a threshold EC e = 2.5 dS m −1 and a slope of 9.9%.
Th ese root distributions were used for all scenarios because little information is available on the eff ect of a given scenario on root distribution, although in reality the distributions may diff er with the amount of AW, the EC iw , and the water table depth. Even though the root distributions were constant, the spatial distribution of the root water uptake varied between scenarios because of the eff ects of both pressure head and osmotic potential on root water uptake.
Observation nodes were selected at specifi c locations in the domain to monitor levels of soil water salinity and content with time, as simulated by the HYDRUS model. Th ese nodes were located at distances of 0, 10, 20, and 30 cm from the center of the tomato bed and at depths of 0, 10, 20, 35, and 60 cm, for a total of 20 nodes.
Results

Soil Water Content Pa erns
Because of the hydrostatic initial condition, the initial soil water content (t = 0) increased with increasing depth for both the 100-and 50-cm water table depth scenarios (Fig. 5) . At the end of the fi rst drip irrigation (t = 1 d) of the 100-cm water table scenario, soil water content increased substantially near the drip line, extending to near the soil surface and about 30 cm laterally at the depth of the drip line (top row, Fig. 5 After the fi rst irrigation of the 100-cm water table depth scenario (t = 1, top row, Fig. 6 ), considerable localized leaching occurred near the drip line, with EC sw values smaller than 1 dS m −1 immediately adjacent to the drip line. Soil salinity increased with distance from the emitter and with soil depth. Salt leaching occurred to about the 55-cm soil depth and to about 25 cm laterally away from the drip line. Before the next irrigation, EC sw increased slightly near the drip line because of root water uptake. In addition to a downward displacement of a low salt zone, a zone of higher soil salinity formed near the soil surface, extending to about 25 cm from the center of the soil bed. As time progressed (t = 39.4 d), leaching around the drip line increased, with most of the leaching below the drip line (Fig. 6) . Simultaneously, the higher salt zone near the soil surface increased in size, with salt concentrations higher than those of the initial soil conditions. No leaching occurred beyond about 50 cm from the drip line.
For the 50-cm water table depth scenario (bottom row, Fig.  6 ), the initial EC sw values increased from about 5.5 dS m −1 near the soil surface to about 10 dS m −1 (EC of the groundwater) at the water table depth. At the end of the fi rst irrigation (t = 0.28, bottom row, Fig. 6 ), localized leaching occurred around the drip line to about 10 cm horizontally from the drip line. Th e volume of leached soil was smaller than that for the deeper water table scenario at the end of the fi rst irrigation due to the smaller amounts of water applied during the daily irrigations. Just before the next irrigation (t = 1, bottom row, Fig. 6 ) a slight increase in EC sw occurred near the drip line. As time progressed, the volume of leached soil increased, with applied water displacing the shallow groundwater at depths below 50 cm. Much of the leaching occurred at depths below the drip line (t = 40.28, bottom row, Fig.  6 ). Some leaching occurred above the drip line, although salt accumulated near the soil surface. Th e zone of accumulated salt extended nearly 30 cm from the center of the bed.
Increasing the amount of AW increased the leached zone for the 100-cm water table depth scenarios (top row, Fig. 7) . Even for water applications of 60% of ET pot (severe defi cit irrigation), however, some leaching occurred near the drip line. Increasing the amount of AW slightly aff ected the salinity pattern above the drip line, but greatly increased the leached zone below the drip line. Similar behavior occurred for the 50-cm water table depth scenarios (data not shown). Th is behavior of both scenarios was similar to that of the fi eld data (Fig. 2) .
Increasing the EC iw increased EC sw near the drip line for the 100-cm scenario (AW = 100%), as would be expected (bottom row, Fig. 7) . Values of EC sw near the drip line were <1 dS m −1 for the low-salt irrigation water (EC iw = 0.3 dS m −1 ), but increased to values >3 dS m −1 for EC iw = 2 dS m −1 . Th e soil volume of high salinity near the soil surface also increased as the EC iw increased, as would be expected. Similar behavior occurred for the 50-cm water table depth scenarios (data not shown).
A cyclic behavior in EC sw with time was found at most observation nodes for the 100-cm water table depth scenario, refl ecting the irrigation and subsequent root water uptake (Fig.  8, A1-D1) . Values of EC sw near the surface increased with additional irrigations to values larger than the initial condition. At the 10-cm depth, large fl uctuations occurred at all distances, but they decreased in magnitude as distance increased. At 20 cm deep (depth of the drip line), EC sw quickly decreased at the bed center, refl ecting the eff ect of EC iw . Th e decrease became smaller as distance from the bed center increased. Below the drip line, EC sw decreased with time for all distances to values considerably smaller than the initial condition because of leaching. Th e rate of decrease was smaller as the distance and depth below the drip line increased.
Th e cyclic behavior was less pronounced for the 50-cm water table depth scenarios because of the daily irrigations and smaller water applications per irrigation (Fig. 8, A2-D2 ). Near the soil surface, EC sw increased to levels greater than the initial condition. Th e rate of soil salinity increase was largest at the bed center, and was more gradual with time as lateral distance increased. At 10 cm deep, EC sw decreased with time except at the 30-cm distance, while at 20 cm deep, EC sw decreased with time at distances near the bed center but increased at distances ≥20 cm. Below the drip line depth, EC sw decreased with time regardless of distance from the bed center. Th ese trends were similar for the other water applications and irrigation water salinities. At depths below the drip line, however, fi nal values of EC sw depended on the amount of applied water and EC iw .
Salt Mass
Th e numerical solution provided the fi nal (t = 42 d) salt mass in the soil domain from mass balance computations computed from salt input by the incoming irrigation water, salt leaching at the bottom of the simulated soil domain, and the initial salt mass. Th e total salt mass in the profi le decreased with time (Table  2 for the 100-cm water table depth) for all scenarios, with the salt decrease proportional to applied irrigation water; however, diff erences were only minor for the EC iw = 2.0 dS m −1 scenario. Th e mass balance results were similar for the 50-cm water table depth (data not shown).
Above the drip line, the salt mass increased with time (Fig.  9A) . For a given EC iw , the increase was the highest for the smallest water application. As expected, the salt mass above the drip line also increased as EC iw increased, although only slight diff erences in the fi nal total salt mass occurred for the 80, 100, and 110% ET scenarios at EC iw = 2 dS m −1 . Similar results were obtained for the 50-cm water table depth scenarios (data not shown). Our simulation results indicated that for defi cit water applications, water fl ow and salt transport into the zone above the drip line was partially driven by capillary forces, causing upward F . 8. Soil water salinity (EC sw ) data with me at the observa on nodes for distances of (A1) 0, (B1) 10, (C1) 20, and (D1) 30 cm from the center of the bed at depths of 0, 10, 20, 35, and 60 cm for the 100-cm water table depth scenario (applied water [AW] = 100%, irriga on water electrical conduc vity [EC iw ] = 0.3 dS m −1 ); and for distances of (A2) 0, (B2) 10, (C2) 20, and (D2) 30 cm from the center of the bed at depths of 0, 10, 20, 35, and 60 cm for the 50-cm water table depth scenario (AW = 100%, EC iw = 0.3 dS m −1 ). and lateral salt transport, which resulted in higher salt masses about the drip line for the defi cit irrigation conditions than for the well-watered conditions.
As expected, the salt mass decreased with time below the drip line (Fig. 9B ) because of leaching, thereby decreasing the salt mass as AW increased. Th is salt decrease, however, was less pronounced as the salinity of the applied water increased. Similar results were obtained for the 50-cm water table depth, although diff erences between EC iw values for a given amount of applied water were slightly larger than those diff erences for the 100-cm depth scenario (data not shown).
Water Balance and Leaching
Water uptake by roots showed a strong cyclic eff ect between irrigations for the 100-cm water table depth scenario (Fig. 10A) . Water uptake increased and time fl uctuations decreased as AW increased except for AW = 60%. Th e increase in the root uptake with AW refl ects the larger values of soil water content near the drip lines. Root water uptake decreased as the salinity of the irrigation water increased, because of increasing salt stress eff ects. We note that for no-stress soil conditions, root water uptake must be equal to 7.5 mm d −1 (ET pot ). Th e results of the 50-cm water table depth scenarios (Fig. 10B) were similar; however, fl uctuations between the daily irrigations were much smaller due to the irrigation frequency. Maximum root water uptake values between irrigations for a given amount of applied water and EC iw were smaller than those of the deeper water table scenarios.
Water uptake increased slightly with time for the fi rst 10 d for AW = 100 and 115%, suggesting that leaching of the root zone increased during that time period. Th e higher values of AW T 2. Rela ve salt mass balance for the 100-cm water table depth scenario. Values are expressed as a frac on of the ini al mass, which was the same for all scenarios. The added salt is the salt in the irriga on water. The amount of leached salt is the salt that moved across the bo om of the domain. = 115% may refl ect more leaching for that scenario, although higher soil water contents probably were also a factor. For AW = 60%, water uptake decreased with time during the fi rst 15 d, which may refl ected limited leaching in the root zone along with smaller soil water contents. Th e water fl ux at the domain bottom (i.e., leaching) showed a cyclic behavior caused by the periodic irrigations (Fig. 11A for the 100-cm water table depth scenario), with fl ux values increasing as the AW increased. Occasionally, water fl ux was negative for AW = 60%, indicating upward water fl ow from the fi xed groundwater table. As the salinity of the irrigation water increased, the leaching amount increased because of reduced water uptake (data not shown). A trend of decreasing water fl ux occurred for the fi rst 10 to 15 d, but thereafter, little trend was found.
A cyclic water fl ux behavior was also found for the 50-cmdepth scenarios (data not shown) although water fl ux values were considerably higher than for the 100-cm water table depth scenarios. Moreover, upward water and salt fl uxes were signifi cantly higher than for the 100-cm water table depth scenarios.
As expected, salt transport across the bottom of the soil domain was cyclic as well ( Fig. 11B) , with larger salt fl uxes as AW increased. Solute fl uxes decreased with time, with the largest decrease for AW = 115%. Th is behavior refl ects a decrease in the amount of salt transported from the domain with time as the localized reclamation of the soil profi le progressed.
Cumulative amounts of AW, root water uptake, and leaching at the bottom of the soil domain are presented in Table 3 . Seasonal root water uptake decreased as AW decreased, suggesting that shallow groundwater contribution to the crop's water demand is limited by both the soil's hydraulic conductivity and assumed root zone distribution. As a result, we expect crop yield to decrease as well. Experimental data obtained in the commercial fi elds (Hanson and May, 2004; Hanson et al., 2006a) confi rmed a linear relationship between tomato yield and applied water, with yield decreasing as AW decreased.
We defi ne the localized leaching fraction (LLF) as the actual leaching fraction representative of the local irrigated root domain near the drip line. Th e LLF values ranged from 7.7 to 30.9% as AW increased from 60 to 115% for the 100-cm water table depth scenario (EC iw = 0.3 dS m −1 ) and from 11.3 to 36.1% for the 50-cm water table depth scenario (EC iw = 0.3 dS m −1 ) ( Table  3) . As the salinity of the irrigation water increased, LLF values increased due to reduced root water uptake for the higher salinity levels (Table 3) . Th e LLF values were generally higher for the 50-cm water table depth scenarios due to reduced root water uptake compared with the deeper water table scenarios (Table 3) . Similar LLF values were obtained using a water balance approach with the drainage amount equal to the diff erence between cumulative applied water and root uptake, as calculated by HYDRUS-2D.
Discussion
Our results showed that the water balance approach to determining leaching fractions is inappropriate for drip irrigation. Both the simulation and experimental data by Hanson and May (2004) and Hanson et al. (2006a) demonstrated that considerable localized leaching occurs near the drip lines, including under defi cit irrigation conditions (AW < ET pot ). We showed that for water applications of 100% or smaller (EC iw = 0.3 dS m −1 ), the LLFs ranged from 7.7 to 11.3% for AW = 60%, 17.3 to 22.2% for AW = 80%, and 24.5 to 30.7% for a 100% water application. Localized leaching fractions increased as the salinity of the irrigation water increased because of the corresponding reduction of the root water uptake. When using the conventional defi nition of LF, as generally applicable to low-frequency sprinkle and surface irrigation methods, computations of LF for water applications equal to 100% of ET pot or smaller will result in zero leaching values using the water balance approach.
Th e spatially variable soil wetting patterns that occur under drip irrigation lead to localized leaching below the drip line, in spite of applying irrigation water at rates <ET pot . Th e localized leaching is concentrated near the drip line, as indicated by the EC sw patterns (Fig. 6) , thus resulting in a potential for a greater reduction of salts in the root zone than would occur for sprinkle or surface irrigation methods for a given AW amount.
Our simulation results also showed salt accumulation above the drip line, near the soil surface, potentially negatively aff ecting crop establishment. To prevent this, periodic leaching is needed by either seasonal rainfall or a preplant sprinkle irrigation, moving the accumulated salt below the drip line and away from the rooting zone.
Th e simulation results also showed that larger water applications per irrigation event at a relatively low irrigation frequency reclaim the soil faster than smaller applications at a higher frequency (Fig. 6 ). Th us, several large applications of about 24 h each should be applied for new drip systems installed in a saline soil to quickly reclaim the soil near the drip line.
Conclusions
Th is analysis using numerical simulations of various subsurface drip irrigation scenarios included two shallow groundwater table depths, a range of irrigation water and groundwater salinities, and various water application values. Th e studies provided valuable insights into salt leaching processes with subsurface drip irrigation under saline, shallow groundwater conditions, supported by experimental data for similar soil and irrigation water conditions. Th e main conclusions derived were that (i) salt reclamation near the drip lines occurs quite rapidly after the onset of irrigation; (ii) large applications per irrigation event reclaim the soil more quickly than do smaller applications at a higher frequency; (iii) the size of the leached soil region near the drip line is controlled by the amount of applied water; (iv) soil salinity of the leached soil zone increases as the salinity of the irrigation water increases; (v) localized salt leaching around the drip line occurs even for defi cit irrigation conditions; and (vi) the conventional method for calculating leaching fractions, used for sprinkle and surface irrigation methods, is inappropriate for drip irrigation.
A common assumption is that an amount of applied water equal to 100% ET pot results in an irrigation effi ciency of 100% for drip irrigation, and that little drainage below the root zone occurs. Th ese results show that assumption is not true. Because of the spatially varying soil water wetting around drip lines, the irrigation effi ciency, defi ned as the ratio of the cumulative root water uptake to the applied water, was 74.6 and 69.7% for the 100-and 50-cm water table scenarios, respectively. Very high irrigation effi ciencies occurred only under severe defi cit irrigation conditions. Because of high frequency irrigation, however, the volume of drainage per irrigation is small and the drainage is distributed evenly across the irrigation season. As a result of this behavior, the natural subsurface drainage in the previously discussed commercial fi elds appeared to be suffi cient to prevent groundwater intrusion into the root zone.
